Abstract
Introduction
Intrinsic Josephson junctions (IJJs) [1] occur naturally in the highly anisotropic layered high-temperature superconductor (HTS) Bi 2 Sr 2 CaCu 2 O 8+δ (Bi-2212). They exhibit the fundamental phenomena associated with the Josephson effect, namely resonant plasma oscillations [2] , Shapiro steps [3] and Fiske resonances [4] in the frequency range of 0.3 -1. 3 THz which has been difficult to cover with conventional solid-state devices [5, 6] . More recently, oscillatory behavior up to 13 THz has been reported for small BSCCO structures [7, 8] .
These properties allow IJJs to act as compact solid-state generators and detectors for electromagnetic waves in this so-called THz-gap for various emerging applications in materials spectroscopy, medical diagnostics, high-bandwidth communications and security [6] . An ideal emitter for practical applications should produce a powerful and tunable THz output. The linear relationship between emission frequency and applied voltage per junction as expressed by the AC Josephson relation -and the cavity mode's dependence on the in-plane superconducting penetration depth -enable tunable THz radiation spectra by changing the bias voltage and/or sample temperature [9, 10, 11] . Furthermore, emission power scales as the square of the number of IJJs synchronized in a resonant mode [2, 12] and can thus be enhanced to technologically useful levels by changing the geometry of the resonator arrays. In fact, coherent THz radiation with power as high as 0.6 mW was experimentally demonstrated by synchronizing three resonators through propagation of Josephson plasma waves in the Bi-2212 base crystal [13] . This versatile platform can also transmit THz waves through Bi-2212 crystals with low losses [14] . A major step in realizing THz-on-a-chip systems, that is, a single chip that combines and integrates devices such as emitters working in the THz range, high-frequency detectors, waveguides, highbandwidth receivers, all operating on the basis of Josephson plasma wave (JPW), is the synthesis of large-area epitaxial thick films of Bi-2212. The 2D platform and highly thermally conductive MgO substrate can also provide a uniform heat sink for the compact THz devices. Here, we demonstrate that liquid phase epitaxial (LPE) grown thick Bi-2212 films may be a candidate platform to realize THz-on-a-chip devices.
The Bi 2 Sr 2 Ca n-1 Cu n O 2n+4+δ high-T c parent material (BSCCO) has three well-known superconducting phases; (n = 1) Bi 2 Sr 2 CuO 6+δ (Bi-2201) with T c ≤ 20 K, (n = 2) Bi 2 Sr 2 CaCu 2 O 8+δ (Bi-2212) with T c ≤ 90 K and (n = 3) Bi 2 Sr 2 Ca 2 Cu 3 O 10+δ (Bi-2223) with T c ≤ 110K [15, 16] . Here, n is the number of superconducting Cu-O layers that are separated by Ca layer(s) in Bi-2212 and Bi-2223. In these phases, the superconducting layers are separated by insulating Bi-O and Sr-O layers resulting in natural stacks of intrinsic Josephson junctions. Since defects, impurities and misalignment in these complex crystallographic layered structures degrade the superconducting properties of the material, uniform and single-phase crystallographic film structure with well-aligned multi-cation oxide layers on a substrate is required for high-performance applications. For the practical implementation and scale-up of superconducting THz technology, high-quality and thick epitaxial Bi-2212 films with a largesize grain texture are required.
Vapour phase methods such as sputtering, pulse laser deposition (PLD) and molecular beam epitaxy (MBE) allow for the growth of epitaxial high-T c films. However, these methods are slow and not well suited for the growth of µm-thick films. [17, 18] . Alternatively, solid/liquid phase methods enable the growth of thick films. In solid-phase epitaxy, the crystallization of predeposited amorphous high-T c components can be driven on a suitable substrate in the presence of a temperature gradient [19] . However, the complete transformation of a thick amorphous precursor film into a crystalline single phase is challenging in the solid phase. In a variation, a layer of precursor material is confined between two substrates and molten and re-solidified in an infra-red image surface [20, 21, 22] . After splitting the substrates apart, epitaxial superconducting Bi-2212 films were obtained, albeit with irregular and uncontrolled thickness. Encouragingly, however, this two-dimensional variation of the Bridgman technique did result in the successful growth of stacked IJJs, from which THz emission has been demonstrated [22] .
Liquid-phase epitaxial (LPE) growth of high-T c superconductor films is performed in a saturated solution at temperatures below the melting point of the BSCCO precursor composition.
In the liquid medium, the dissolved components have high mobility and can access the correct nucleation positions, enabling the self-assembly of high-quality crystalline films on the substrate [23, 24] . The LPE technique is a promising approach for growing wafer-scale, thick and singlecrystalline high-T c superconducting films [25, 26, 27] . In this paper we show experimentally that given the correct growth parameters, LPE can produce Bi-2212 IJJs with characteristics comparable with those of a single crystal and large grain size, while avoiding the need to cleave two substrates apart.
Building on the procedures outlined in [25] , we implemented an optimized LPE system through variation of the growth conditions. We demonstrate the high quality of our LPE-grown rpm. The holder is slowly extracted from the furnace, cooled in air, and any residual KCl on the film is dissolved in deionized water.
Experimental
Here we describe results obtained on four epitaxial Bi-2212 films on MgO (100) substrates sequentially grown from the same Bi-2223 precursor using the LPE process each performed at 870°C for 10 hours. We discovered that excess amount of calcium and copper (2223-composition) to be crucial for the growth of good quality Bi-2212 films. In all growth runs, the temperature gradient of the solution, 1 cm below the substrate was around 2-3°C/cm.
Before immersing the substrate into the solution, we performed the following steps: (i) crust layers on the top of the liquid arising due to the evaporation of KCl was removed with a Pt hook,
(ii) 5 g of KCl was added to compensate for the evaporated KCl and (iii) the replenished solution was soaked at 870°C for 10 hours using the alumina lid on the top of the crucible to re-establish the supersaturated solution as described above.
The crystalline structure and atomic composition of the Bi-2212 films were studied by Xray diffraction (XRD) and energy-dispersive X-ray spectroscopy (EDS) respectively while their surface morphology was characterized by scanning electron microscopy (SEM) and polarizedlight optical microscopy. The superconducting properties of the resulting films were tested by magnetization and by in-plane and out-of-plane transport measurements.
Results and discussion
The deposition rate of the LPE-grown Bi-2212 film is comparatively high, enabling the growth of a three-micron thick film in ~20 hours. Obviously, this rate changes with growth parameters such as temperature, temperature gradient, saturation of the solution and heat convection in the crucible. Indeed, maintaining stable conditions of these parameters during the growth process is essential to achieve consistent single-phase crystallinity across the film thickness. However, effects due to the evaporation of KCl can perturb the stable growth condition in the crucible. Since vapourization induces a cooler liquid surface, the BSCCO precursor transport is diverted from the substrate to the liquid surface [25] . This causes the formation of a crust on the liquid surface, composed of Bi-2212 crystal flakes and amorphous BSCCO precursor, which may alter the growth dynamics. The enhanced convective transport inside the crucible also affects the film growth on the substrate since it promotes the nucleation of misaligned grains and the deposition of amorphous material on top of the Bi-2212 film. We were able to significantly reduce the KCl evaporation by placing the crucible exactly at the center of the hot zone thereby reducing any temperature gradients, and by placing a lid on the crucible. In addition, to avoid attachment of any crust on the substrate during the initial growth process, we spun the substrate holder at 90 rpm while immersing it into the solution.
In LPE film growth, the substrates must be selected carefully. In addition to the usual requirements such as crystallographic lattice match, thermodynamic compatibility, surface quality, etc., the substrate must be chemically resistant to the solution. In our study, we carried out LPE growth of Bi-2212 films on a variety of 1 × 1 cm 2 substrates (one-side polished surface) such as NdGaO 3 (001) SrTiO 3 (100) MgO (100) and YSZ (100) (yttria-stabilized zirconia).
However, we could grow high-quality Bi-2212 films only on MgO substrates, as other substrates
were not chemically resistant to the aggressive growth solution at 870°C. For instance, our EDS results revealed that Ga atoms in NdGaO 3 substrates diffuse into the film structure above 850°C
and degrade the superconducting properties. Besides the substrates, all materials in contact with the solution must be chemically inert. In preliminary experiments performed in Pt-Rh%10 crucibles, we observed unexpected corrosion of the crucible walls, and a small amount of rhodium (Rh) was detected in the EDS characterization of the Bi-2212 films. This corrosion may originate from Rh based compounds in the crucible alloy which are prone to melt below the melting point of pure Rh. Recently, we carried out a large number of LPE growth experiments in a pure Pt crucible. No visible corrosion on the crucible walls nor any Pt impurities in the grown films were observed that could originate from alloying effects [28] . All EDS analyses were conducted on a large area (250 × 250 µm 2 ) to detect the stoichiometric atomic ratios and stoichiometric uniformity of each crystalline film. In Figure 4 we show the atomic percentages of Bi, Sr, Ca and Cu detected on two different regions on each 
Conclusions
We have demonstrated experimentally that high-quality and thick epitaxial Bi-2212 films can be grown with the LPE technique from a Bi-2223 melt composition at a growth temperature of ~870°C on MgO substrates. XRD and EDS analyses of our best films confirm phase-pure 
